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ABSTRACT 


Measurements  of  spectral  absorption  and  photoionization  cross 
sections  of  COg,  NH^,  Og,  COS,  NO,  Ng,  and  vinyl  chloride  in  the 
region  580  -  1650  8  were  made.  A  number  of  new  Rydberg  series  were 
found  and  the  convergence  limits  were  compared  with  the  photo¬ 
ionization  values. 

In  the  study  of  dispersed  fluorescence  from  molecules, 
particular  attention  was  given  to  the  emissions  from  CO,  NH^,  Ng, 
and  NO  in  the  spectral  region  1800  to  6000  8.  The  experimental 
Franck-Condon  factors  for  CO  and  Ng  were  found  to  be  in  good 
agreement  with  the  theoretical  values.  The  threshold  for  the 
NH  c^II  — ►  a^A  transition  vas  observed  at  (12U5  *  10 )  8.  On  the 
basis  of  the  observed  threshold  of  the  NH  emission,  the  calculated 
energy  separation  of  the  a1 A  state  from  the  ground  state  of  NH  is 
(2.2  *  0.1)  eV  which  is  somewhat  higher  than  the  value  previously 
reported.  The  excitation  spectra  of  NO  show  many  overlapping 
states.  However,  the  B'  — ►  X  transitions  of  NO  were  identified, 
and  the  experimental  Franck-Condon  factors  are  in  agreement  with 
the  calculated  values.  The  results  suggest  that  the  y’  band 
contribution  in  NO  emission  is  negligible.  The  excitation  spectra 
of  other  molecules  such  as  Hg,  0g,  and  SOg  were  studied,  and 
certain  features  of  the  emission  spectra  can  be  related  to  the 
spectral  absorption. 

The  effect  of  molecular  collisions  on  the  fluorescence  of  NO 
was  investigated.  Quenching  of  the  B' ,  D,  E,  and  F  states  with  the 
enhancement  of  the  y  band  emission  was  observed. 
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1.  INTRODUCTION 


Although  extensive  studies  on  gases  in  the  vacuum  uv 
region  have  been  made,  some  emission  characteristics  of  atmos¬ 
pheric  gases  under  xiltraviolet  excitation  are  still  not  com¬ 
pletely  understood.  In  order  to  develop  a  better  understanding 
of  the  physical  processes  that  might  generate  the  observed  emis¬ 
sions,  a  program  of  vacuum  uv  experiments  on  simple  molecules  was 
initiated  by  the  late  Professor  Kenichi  Watanabe.  The  study  in¬ 
volved  the  following  laboratory  measurements:  l)  absorption  and 
scattering  of  vacuum  ultraviolet  radiation;  2)  photoionization 
of  gases;  3)  fluorescence  of  molecules  under  uv  excitation.  Par¬ 
ticular  attention  was  given  to  the  ultraviolet  absorption  and 
photoionization  properties  of  the  fallowing  gases:  Ng,  02,  NK^, 
COS,  CO,  CO,,,  and  NO.  A  special  effort  was  made  to  investigate 
the  weak  dispersed  fluorescence  of  simple  molecules  and  to  deter¬ 
mine  the  effect  of  molecular  collisions  on  the  emission  process. 

The  principal  objectives  of  the  experiments  were  to  obtain 
experimental  data  for  the  identification  of  Pydberg  and  vibra¬ 
tional  states,  and  for  comparisons  with  theoretical  parameters 
such  as  Franck-Condon  factors  and  quenching  cross-sections  asso¬ 
ciated  with  molecular  collisions.  It  was  hoped  that  an  experi¬ 
mental  study  of  the  effect  of  molecular  collisions  on  fluorescence 
would  lead  to  a  better  understanding  of  electronic  energy  transfer 


between  molecules. 
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ABSORPTION  AND  PHOTOIONIZATION  STUDIES 


A  significant  part  of  our  vacuum  uv  research  has  been  the 
experimental  study  of  absorption  and  photoionization  of  gases. 
Measurements  of  spectral  '.bsorption  and  photoionization  cross 
sections  cf  CO^,  NH^,  0^,  COS,  NO,  and  vinyl  chloride  in  the 
region  580-1650  X  were  reported  in  several  publications.  The 
abstracts  of  these  papers  are  presented  in  section  2.2  of  this 
report . 

The  absorption  and  photoionization  cross  sections  of  atmos¬ 
pheric  molecules  in  the  spectral  region  600-2000  X  are  of  current 
interest.  In  this  region,  the  absorption  curves  show  consider¬ 
able  band  structures  corresponding  to  electronic ,  vibrational , 
and  rotational  transitions.  Continuous  absorption  bands  and  the 
underlying  continue  due  to  repulsive  states  leading  to  dissocia¬ 
tions  are  also  observed  in  these  curves.  In  the  absence  of 
complex  structures  associated  with  overlapping  bands,  Rydberg 
transitions  converging  to  the  first  ionization  potential  and 
higher  potentials  can  be  identified.  Much  of  our  recent  work 
was  performed  with  improved  resolution  in  an  effort  to  find  new 
Rydberg  series  and  to  compare  the  convergence  limits  with  the 
photoionization  values.  A  detailed  discussion  of  the  results 
can  be  found  in  the  papers  listed  in  the  following  section  of 
this  report. 


While  the  results  of  our  absorption  measurements  showed 
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agreement  with  some  previous  work,  there  were  noticeable  dis¬ 
crepancies.  Many  of  the  previous  errors  may  be  due  to  pressure 
determination  of  the  flowing  gas.  Perhaps  it  is  worthwhile  to 
describe  the  experimental  conditions  in  T hich  our  measurements 
were  made. 

Two  one-meter,  normal-incidence  monochromators,  each  with 
a  1200  lines/mm  grating,  were  used  in  the  experiments.  Mono¬ 
chromator  A  (radius-mount  type,  built  by  McPherson  Instrument) 
provided  a  resolution  of  0.2  X  with  20  p  slits  and  was  used  for 
the  region  850-1700  X.  Monochromator  B  ( Johnson-Onaka  type, 
fabricated  in  our  shop)  had  a  three-stage  differential-pumping 
system  at  the  entrance  slit  and  was  used  for  the  region  580-1000  X 
witji  a  helium  light  source.  A  resolution  of  about  0.3  X  was  ob¬ 
tained  with  slit  widths  of  30  and  20  p ,  respectively ,  for  the 
entrance  and  exit  slits.  The  grating  mount  was  coupled  to  a 
flexible  cable  to  permit  focusing  under  operating  conditions. 

A  windowless  hydrogen  discharge  tube  was  used  with  Mono¬ 
chromator  A.  It  was  operated  at  0.35  or  0.1+  amp  dc  with  about 
800  V  across  the  tube.  For  the  region  58O-IOOO  X,  the  Hopfield 
continuum  which  has  been  ascribed  to  emission  from  molecular 
helium  was  used  as  a  light  source  for  Monochromator  B. 

The  helium  light  source  and  the  entrance-slit  section  are 
schematically  shown  in  Fig.  1.  The  capacitor  C  (0.0018  pF)  and 
the  spark  gap  G  including  a  small  mercury  lamp  (not  shown)  were 
mounted  within  the  light-source  assembly  and  shielded.  The 
resistor  R  (90  kfl)  was  placed  inside  a  20  kV  Manson  dc  power 
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supply  (Model  605)  and  connected  to  the  light  source  by  a  cable. 

The  tungsten  electrodes  of  the  spark  gap  were  attached  to  lucite 
rods  in  such  a  manner  that  the  gap  distance  can  be  adjusted 
during  operation  of  the  light  source.  The  repetition  rate  of 
gap  breakdown  was  about  6  kc.  Commercial  (medical)  grade  helium 
was  flowed  through  a  copper  foil  trap  and  a  liquid-nitrogen  trap 
to  the  light  source  and  was  pumped  out  through  the  optical  slit 
(S  in  Fig.  l)  via  the  3-stage  pumping  system.  For  most  measure¬ 
ments  the  pressure  was  about  120  mm  Hg  in  the  light  source  and 
10"^  mm  Hg  in  the  main  chamber  of  the  monochromator.  The  photon 
flux  throught  the  exit  slit  was  determined  by  a  xenon  ion  chamber, 
using  our  recent  result  that  photoionization  yield  of  xenon  is 

•7 

unity,  and  found  to  be  about  2  x  10  photons /sec  through  the 
exit  slit  at  the  peak  (810  2)  of  the  Hopfield  continuum. 

Absorption  coefficients  were  measured  by  a  method  described 
in  our  earlier  publications.  The  absorption  chamber  was  located 
between  the  exit  slit  and  a  glass  plate  coated  with  sodium  sali¬ 
cylate,  and  an  MI  -  951^B  photomultiplier  tu.'e  was  placed  in  air 
a  few  mm  behind  the  glass  plate.  An  absorption  cell  of  length 
10.5  cm  with  LiF  windows  and  parallel  plate  electrodes  was  used 
for  the  region  above  1070  2.  For  shorter  wavelengths  the  exit 
slit  served  as  the  window,  and  absorption  path  lengths  of  11.5, 

13.6,  27.1  and  5*+  cm  were  used. 

Photoionization  yields  were  determined  by  comparing  the  ion 
current  of  a  given  gas  with  that  of  a  reference  gas  with  known 
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yield.  For  the  region  above  1070  X,  the  cell  with  LiF  windows 
was  used  with  nitric  oxiuc  as  a  reference  gas.  To  insure  total 
absorption  in  the  ion  chamber,  relatively  high  gas  pressures 
were  used.  For  the  region  below  1020  X,  an  ion  chamber  of  length 
5*4  cm  was  used  with  xenon  as  a  reference  gas.  For  most  measure¬ 
ments  the  gas  pressures  were  high  enough  to  give  total  absorp¬ 
tion;  however,  a  photomultiplier  placed  at  the  end  of  the  ion 
chamber  continuously  measured  any  transmitted  light  so  that  cor¬ 
rections  can  be  applied. 

In  order  to  have  a  negligible  pressure  gradient  in  a  flow 
type  absorption  chamber,  a  small  exit  slit  (0.02  x  10  mm)  and 
large  chamber  dimensions  (15  cm  diameter  and  5^  cm  length)  were 
used.  Moreover,  the  chamber  was  opened  to  a  side  chamber  of 
6  liter  volume.  A  Consolidated  micromanometer  was  connected 
directly  to  the  absorption  chamber.  The  pressure  calibration 
curve  for  the  manometer  obtained  with  this  arrangement  was  the 
same  as  those  obtained  with  shorter  cell  lengths.  In  each  case 
the  calibration  curve  was  obtained  by  the  following  two  methods: 

(a)  McLeod  gauge  using  static  gas  (0g,  Ng,  or  air)  and  (b)  ab¬ 
sorption  method  using  oxygen  flowing  through  the  absorption 
chamber.  Calibration  curves  were  obtained  from  time  to  time  in 
order  to  detect  any  change  in  the  sensitivity  of  the  micromanometer. 
A  typical  calibration  curve  is  shown  in  Fig.  2.  The  error  in  our 
pressure  determination  is  estimated  to  be  less  than  5%. 
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Applied  Optics,  Vol.  6,  391  (1967). 


9 


2.2  ABSTRACTS  OF  PUBLICATIONS 

1.  Absorption  and  Photoionization  Coefficients  of  CO^  in  the 
Region  580-1670  ft 

Absorption  coefficient  of  CO^  in  the  region  580-1670  ft 
and  photo ionization  yield  in  the  region  580-900  ft  were  ob¬ 
tained  by  photoelectric  techniques  with  improved  resolution. 
Hopfield  helium  continuum  and  hydrogen  sources  were  used. 
Photoionization  efficiencies  ranged  from  6 0  to  95#  and  most 
bands  were  found  to  be  preionized.  The  doublet  ionization 
potentials  (13.786  and  13.7 66  eV)  were  confirmed  by  the  pho¬ 
toionization  curve. 

2.  Absorption  and  Photoionization  Coefficients  of  NH^  in  the  58O- 
1650  ft  Region 

Absorption  coefficient  of  NH^  gas  in  the  region  580- 
1650  ft  and  photoionization  yield  in  the  region  580-1220  ft 
were  determined  by  photoelectric  techniques.  The  Hopfield 
helium  continuum  was  used  as  source  for  the  region  58O-IOOO  ft 
with  0.3  S  resolution  and  the  hydrogen  source  for  the  region 
850-1650  ft  with  0.2  ft  resolution.  The  improved  resolution 
yielded  finer  details  in  the  absorption  curve  for  the  region 
above  1150  ft.  On  the  basis  of  Rydberg  band  analysis,  the 
first  ionization  potential  appears  to  be  10.166  eV,  which  is 
consistent  with  photoionization  measurements. 


3.  Absorption  and  Ionization  Coefficients  of  Vinyl  Chloride 

Absorption  coefficients  of  vinyl  chloride  were  measured 
by  a  photoelectric  method  at  many  wavelengths  in  the  region 
1075-2000  X,  and  photoionization  yields  were  obtained  in  the 
region  1075-121+0  X  with  an  ion  chamber.  Many  bands  were 
identified  as  members  and  their  vibrational  companions  of 
four  Rydberg  series  and  one  other  electronic  transition. 

These  Rydberg  series  and  the  photoionization  curve  yielded 
the  same  ionization  potential  of  10.00±0.01  eV. 

1+.  Ionization  Potential  and  Absorption  Coefficient  of  COS 

Absorption  and  photoionization  coefficients  of  COS  in 
the  region  1070-1700  X  were  measured  with  a  resolution  of 
0.5  &  by  photoelectric  methods.  The  absorption  curves  sup¬ 
port  the  photographic  studies  of  Price  and  Simpson  and  Tanaka, 
Jursa,  and  LeBlanc.  The  doublet  first  ionization  potential 
of  the  molecule  was  found  to  be  11.18  and  11.22±0.01  eV  from 
the  convergence  limit  of  a  Rydberg  series  and  the  photoioni¬ 
zation  curve. 

5.  Total  end  Photoionization  Coefficients  and  Dissociation  Con- 
tinua  of  0g  in  the  580-1070  X  Region 

Absorption  coefficients  eind  photoionization  yields  of 
0g  have  been  measured  in  the  580-1070  X  region  using  the  Hop- 
field  helium  continuum  as  background  with  0.3  X  resolution 
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and  the  emission  source  in  the  900-1070  ft  region  with 
0.2  bandwidth.  By  subtracting  the  absorption  due  to  discrete 
bands  and  photoionization  processes  from  the  total  absorp¬ 
tion  coefficient,  it  was  possible  to  uncover  four  dissociation 
continua  which  appear  to  be  consistent  with  predicted  dissoci¬ 
ation  energies  of  0^. 

6.  Absorption  Coefficient  and  Photoionization  Yield  of  NO  in  the 
Region  580-1350  ft 

Photoionization  yield  and  absorption  coefficient  of 
nitric  oxide  were  measured  at  many  wavelengths  in  the  region 
580-1350  ft.  emission  and  helium  continuum  sources  were 
used  with  a  1-m  monochromator.  Absolute  intensity  measure¬ 
ments  were  based  on  a  calibrated  thermocouple. 
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2.3  Rydberg  Series  Converging  to  Ng(A  11^). 

Abstract 

Absorption  and  photoionization  coefficients  of  in  the 
region  700  to  800  X  were  measured  witn  a  resolution  of  0.3  X  by 
photoelectric  methods.  The  absorption  cxirves  are  consistent  with 

the  photographic  plates  of  Ogava.  An  additional  Rydberg  series 

2  + 

converging  to  the  A  state  of  is  proposed. 

Introduction 

The  electronic  spectra  of  the  nitrogen  molecule  have  been 

studied  extensively  in  recent  years.  In  the  last  decade  a  number 

1-12 

of  important  experimental  and  theoretical  papers  have  appeared. 

2 

Mulliken  has  assigned  electron  configurations  to  about  10C  states, 

12 

most  of  which  have  not  yet  been  observed.  Dressier  has  sur¬ 
veyed  the  interaction  of  the  lowest  valence  and  Rydberg  series  of 

3 

N2.  Ogawa  and  Tanaka  reported  several  Rydberg  series  converging 

to  A  IIu  of  in  the  spectral  region  700-800  A.  Another  Rydberg 

2 

series  involving  the  (nda)  orbital  is  expected  to  converge  to  A  II 
9 

state.  In  this  region  of  interest,  the  absorption  and  photoioni- 

13*i6 

zation  coefficients  have  been  measured  by  several  investigators. 

In  the  present  work,  the  absorption  and  photoionization  co¬ 
efficients  obtained  with  improved  resolution  of  about  0.3  X  in  the 

region  700-800  X  are  reported.  In  addition,  a  reassignment  of  sev- 

2 

eral  bands  into  a  Rydberg  series  converging  to  A  JIu  state  is  dis¬ 
cussed. 


«KM£» 
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Experimental 

The  apparatus  and  experimental  procedures  used  for  this 

17 

study  have  been  described  in  a  previous  paper.  A  one-meter 
vacuum  monochromator  (Johnson-Onaka  mount)  with  a  three-stage 
differential-pumping  system  at  the  entrance  slit  was  used.  With 
a  Hopfield  helium  continuum  source,  dispersed  radiation  in  the 
spectral  region  (58O-IOOO  X)  was  obtained.  The  measurements 
were  made  with  a  resolution  of  about  0.3  8.  The  absorption 
chamber  was  located  between  the  exit  slit  and  a  glass  plate 
coated  with  sodium  salicylate,  and  an  EMI  -  951*+B  photomultiplier 
tube  was  placed  in  air  a  few  mm  behind  the  glass  plate. 

The  Ng  and  Xe  gas  samples  were  assayed  reagent  grade  from 

Matheson  Company.  Gas  pressures  in  the  absorption  chamber  were 

17 

measured  with  a  Consolidated  micromanometer  as  described  pre¬ 
viously.  The  error  in  our  pressure  measurement  was  estimated  to 
be  less  than  5%*  Pressures  of  gas  used  for  the  k-value  measure¬ 
ments  were  as  follows:  0.02  to  1.0  Torr  in  an  11. 5  cm  windowless 
cell.  For  photoionization  measurements  pressures  of  0.02  to 
1.0  mm  Hg  used  in  a  5**  nnn  cell  were  adequate  for  total  absorp¬ 
tion  of  light  by  Kg  and  by  xenon. 

The  photoionization  yield  of  Kg  was  obtained  by  comparing 
the  ion  current  of  Ng  with  that  of  xenon  which  has  been  found1^’^ 
to  have  a  photoionization  yield  of  unity  in  the  region  below 
1020  A.  The  small  corrections  for  scattered  light  were  made  at 
most  wavelengths.  In  our  arrangement,  the  fluorescence  of  Ng 


could  not  be  detected,  and  the  corrections  such  as  used  by  Huff- 
20 

man,  et  were  not  necessary. 

The  experimental  error  in  the  k-values  at  most  wavelengths 
was  estimated  to  be  about  10!J.  The  experimental  error  in  the 
ionization  yield  was  about  10^  for  most  wavelengths.  Further¬ 
more,  there  was  seme  uncertainty  in  the  yield  value  at  the 
center  ol*  some  strong  sharp  bands  due  to  inadequate  resolution. 

The  absorption  coefficient  or  k-value  in  cm-1  is  defined 
by  the  equation  I  =  I  exp  (-kx),  where  IQ  and  I  are  the  inci¬ 
dent  and  transmitted  intensities  and  x  in  cm  is  the  layer 
thickness  of  the  gas  reduced  to  1  atm  pressure  and  0°  C.  The 
photoionization  coefficient  is  defined  by  k^  =  kY,  where  Y  is 
the  fractional  yield  of  photoionization. 

A.  Absorption  Coefficients  and  Photoionization  Yields  of  N2 

Mean  absorption  coefficients  and  photoionization  yields 
sore  summarized  in  Fig.  1.  The  upper  curve  represents  the  photo¬ 
ionization  yield  values  in  per  cent,  while  the  lower  one  shows 

the  absorption  coefficients  of  N2<  The  designations  of  the 

U 

series  and  progressions  are  the  same  as  used  by  Ogawa. 

The  details  of  the  absorption  spectrum  shown  in  Fig.  1  are 
in  good  agreement  with  those  obtained  by  previous  investigators,1 
who  used  the  helium  continuum  as  background.  Comparisons  of  the 
present  results  with  others  are  limited  to  the  relatively  recent 
papers  of  Huffman,  et  jut.,1**  Cook  and  Ogawa, 1^  and  Samson  and 


YIELD  (%) 


(wo)  BfHVA  >t 


Absorption  coefficient  and  photoionization  yield  curve  of  N2  in  the 
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Cairns.  Huffman,  et_  al_  have  compared  their  results  in  con- 

pp 

siderable  detail  with  earlier  results  reviewed  by  Watanabe. 

14 

Compared  to  the  results  of  Huffman. et  alc  our  k-values 
are  in  good  agreement  but  some  discrepancies  of  25 %  occur  at 
some  wavelengths  and  our  k-values  are  generally  lower.  While 
our  results  are  in  better  agreement  with  those  of  Cook  and  Oga- 
wa,1^  there  are  ie  differences:  the  k-values  from  our  measure¬ 
ments  are  higher  at  band  maxima  and  lower  at  the  minima.  Our 

PI 

k-values  are  in  best  agreement  with  those  of  Samson  and  Cairns. 

At  about  12  wavelengths  where  comparisons  can  be  made,  the  k- 

values  agreed  within  about  10%.  The  present  photoionization 

21 

yields  agreed  within  15^  with  those  of  Samson  and  Cairns ,  and 
within  15^  with  most  wavelengths  and  up  to  25Jf  for  others  of 
Cook  and  Ogawa.1^ 

B.  Rydberg  Series  Which  Converges  to  the  A2JIu  State  of  N2 

In  the  region  725  to  800  X  there  are  many  bards  belonging 
to  Rydberg  series  converging  to  v'  =  0,  1,  2,  3,  and  U  levels  of 
the  A2IIu  state  of  Nj.  ’  Electronic  configuration  and  the 
electronic  states  assigned  to  these  series  are  as  follows: 

KK  (a  2s)2(o  2s ) 2 ( II  2p)3(o  2p)2(nsa),  JII  and  3n  . 
g  u  u^  gr  ’  u  u 

Another  Rydberg  series  with  an  electronic  configuration, 

KK  (og2s)2(ou2s)2(!Iu2p)3(cu2p)2(nda) , 


■MSAkfrZ&KMJi ScutSU*  ii  m  r  -nrnmiirrm  ti  .1  i  «nn  «n  . 
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1  2 

and  electronic  state  of  JI^  which  converges  to  the  A  state  of 

+  3 

Ng  is  expected  in  this  wavelength  region.  Recently,  Lefebvre- 

q 

Brion  and  Moser  predicted  that  the  first  member  of  the  Rydberg 

series  of  the  type  (ndo)  ^"11  •» —  X^E+  to  be  at  about  1600  cm-^ 

u  g 

higher  than  that  of  the  first  observed  member  of  the 

(nso)  "'"II  «— X^I+  series  which  is  located  at  15.15  eV  above  the 
u  g 

2k 

ground  state. 

The  absorption  coefficient  (k-value)  curve  in  Fig.  1  is 

4 

labeled  similarly  to  that  of  Ogawa.  The  solid  vertical  lines 

represent  Worley's  Third  Rydberg  series,  and  the  dashed  lines 

are  the  Ogawa  and  Tanaka  Rydberg  series.  The  upper  states  of 

the  former  belong  to  ^"11  ,  and  the  latter  is  associated  with 
3 

IIu.  Our  absorption  curve  and  the  spectrogram  of  Ogawa  show  the 

strong  and  diffuse  bands  of  several. new  progressions  observed  by 

Ogawa.  These  bands  of  the  progressions  can  be  reassigned  to  fit 

the  Rydberg  series  converging  to  v'  =0,1,2,  and  3  levels  of 
2  + 

the  A  state  of  N,,,  as  shown  in  Table  I.  The  proposed  Rydberg 
series  for  v'  =  0  is 


v  =  134725  -  - - -7,  where  m  =  4,  5,  6,  7,  8. 

m  (m  +  0.25) 

The  band  head  wave  numbers  and  series  limits  (SL)  are  taken  from 

k 

Ogawa,  and  are  listed  with  the  effective  principal  quantum 
number  n*.  The  4th  members  of  the  proposed  Rydberg  series  belonged 
to  the  Ogawa  P(l)  progressions.  The  5th  members  are  considered 
to  be  overlap  from  the  P(l)  progression,  i.e.,  4th  member  of 
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v'  a  1  overlaps  with  5th  member  of  v'  =0,  and  so  forth.  The 

high  absorption  intensity  and  diffuseness  of  these  bands  may 

indicate  overlap  of  their  members.  The  6th,  7th,  and  8th 

members  Eire  members  of  P(2),  P( 3 ) »  and  P(4),  respectively. 

It 

Ogawa  listed  several  unidentified  bandc  and  these  may  belong  to 

the  3rd  members  of  the  proposed  series.  The  8th  member  is 

accompanied  by  another  band  separated  about  40  cm”1  to  the  longer 

wavelength  side.  This  is  similar  to  the  series  reported  by 
k  2 

Ogawa  and  may  converge  to  A  JIu  3y^.  The  lowest  member  of  the 
Rydberg  series  was  expected  to  be  in  the  810  2  region  which 
agrees  with  the  prediction  of  Lefebvre-Brion  and  Moser  for  (4do) 
transitions  to  higher  1IIu  states.  There  are  several  strong  and 
diffuse  bands  in  this  region  of  124000  to  125000  cm”1  and  again 
overlap  is  possible  for  the  lowest  member  of  the  Rydberg  series. 
Further  high  resolution  investigation  of  the  absorption  spectrum 
is  necessary  in  order  to  establish  the  position  of  the  lowest 
member  of  the  Rydberg  state 
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,  3.  FLUORESCENCE  OF  MOLECULES 

3.1  Introduction 

; 

Laboratory  studies  on  fluoresce..je  of  gases  and  vapors  were 

1 

initiated  in  the  early  part  of  the  present  century.  Mitchell 
2 

and  Zemansky  have  reported  some  results  prior  to  1933.  The 
first  attempt  to  wavelength-analyze  both  the  excit-ng  radiation 

3 

and  fluorescence  was  made  by  Meyer  in  studying  nitrogen  excited 
by  radiation  from  a  spark.  Due  to  atmospheric  and  window  absorp¬ 
tion  this  work  was  limited  to  the  region  above  1000  X.  During 
more  recent  times,  considerable  effort  has  been  directed  in  ob¬ 
taining  fluorescence  data  on  many  hydrocarbon  and  other  compli- 
U  5 

cated  molecules.  * 

Recently,  spectroscopic  study  of  fluorescence  from  various 

atmospheric  molecules  excited  by  emission  line  spark  source  be- 

6  8 

tween  500-1000  R  was  reported.  The  fluorescence  was  observed 

[  ,  in  the  3500-6500  R  region.  Several  investigators  have  used  rare 

t  gas  resonance  and  emission  light  sources  to  excite,  photoionize 

und  photodissociate  simple  molecules  in  the  1000-2000  R  range  to 

9  10 

study  the  resulting  fluorescence.  Primarily,  narrow  and 
broadband  filters  were  used  to  analyze  the  emission.  Carring¬ 
ton,^  Young,  et  al  ,  ^  and  Callear  and  Smith  utilized  spectro¬ 
meters  to  study  the  fluorescence  spectra  in  the  spectral  region 

of  1800-7500  R. 

In  the  study  of  fluorescence  from  diatomic  and  polyatomic 
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molecules,  we  can  observe  emission  from  atoms,  diatomic  molecules, 
radicals,  and  polyatomic  molecules  produced  by  photoexcitation, 
dissociation  and  ionization.  Photon-impact  method  with  mono¬ 
chromatic  radiation  is  more  useful  than  electron  impact  because 
a  discrete  state  can  be  populated,  Monoenergetic  electrons  are 
difficult  to  produce  in  the  6  to  12  eV  region.  If  higher  energy 
electrons  sure  used,  the  emission  spectra  of  the  molecules  would 
be  too  complicated  to  analyze. 

In  the  case  of  atoms  some  theoretical  transition  probabi- 
lh 

lities  are  available  .  For  molecules,  however,  the  results  of 
calcinations  are  meager.  Since  molecules  undergo  electronic, 
vibrational  and  rotational  transitions,  the  dipole  matrix  is 
difficult  to  calculate.  In  spite  of  the  mathematical  difficul¬ 
ties,  some  theoretical  work  has  been  done  on  the  assumption  that 
a  slow  vibrational  or  rotational  motion  of  the  molecules  should 
have  little  effect  on  the  electronic  state  of  the  molecule.  The 
motion  may  distribute  the  light  intensity  associated  with  the 
ideal  electronic  lines  over  many  line3  or  over  a  broad  continuum. 
According  to  the  approximation  of  Born  and  Oppenheimer the 
form  of  this  distribution  is  decided  by  the  Honl-London  (rota- 
tional)  and  Franck-Condon  (vibrational)  factors.  The  band 
intensities  for  most  diatomic  molecules  can  be  related  to  the 
Franck-Condon  factors  calculated  from  the  Schrodinger  wave  equa- 
tion  using  the  Morse  °  and  more  recently,  R-K-R  type  potentials.  9 
Since  the  Franck-Condon  factors  have  been  calculated  for  some 


2k 


molecules, it  would  be  desirable  to  measure  the  emission  of 
these  molecules  and  compare  the  results  with  those  of  calcula¬ 
tions. 


•Manna s»  ~  a&i  ‘  aws  atwi 


3.2  Theory  of  Absorption  and  Emission 
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The  absorption  coefficient  k  in  cm-^  is  defined  by  the 
equation 

I  =  I  exp  (-kx), 

where  I  and  I  are  the  incident  and  transmitted  light  intensities 
o 

and  x  in  cm  is  the  layer  thickness  of  the  absorbing  gas  reduced 
to  273°  K  and  1  atm  pressure.  The  absorption  cross  section  o  in 
cm  is  defined  by 

o  =  k/n  , 
o 

where  nQ  is  Loschmidt's  number  (2.69  x  10 19  particles  per  cm3). 
The  photoionization  cross  section  is  defined  by 

o.  =  oY, 

where  Y  is  the  quantum  yield  of  photoionizatio’- .  If  the  k-values 
are  known  throughout  the  spectral  region  covered  by  a  particular 
electronic  transition,  the  oscillator  strength  or  f-value  of  this 
transition  can  be  computed  by 


f  =  mc. 


ire'-n 


v2 


kdv. 


where  e2/mc2  is  the  classical  electron  radius  and  v  is  the  wave 
number  in  cm-'*".  Various  sum  rules  are  associated  with  the  f-value 
and  provide  checks  on  the  accuracy  and  validity  of  theoretical 
calculations  involving  cross  sections.  Of  importance  is  the  sum 
rule  which  states  that,  for  a  single  electron,  the  f-values  for 
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where  H'u  and  are  the  complete  wave  functions  of  the  u  and  1 
states  and  dv  is  the  element  of  configuration  space  involved.  M 
is  the  electric  dipole  moment  of  the  transition,  with 

M2  =  M2  +  M2  +  M2 , 
x  y  z’ 

and 

Mx  =  e  l  V 
1 


the  sum  being  taken  over  all  electrons  i. 

The  previous  equations  concerning  A  and  B  which  hold  for 
specific  transitions  between  pairs  of  atomic  levels  also  hold 
formally  for  the  U,  v',  J'  — *■  L,  v",  J"  molecular  transitions ,-*-8 ,21 
In  the  case  of  vibronic  transitions  v'  — ►  v"  where  the  mole¬ 
cular  bands  are  sufficiently  narrow  that  a  realistic  value  of 
vv,v,.  and  may  be  assigned  to  it.  The  Einstein  coefficient 

Av,v„  for  the  v' ,v"  band  of  an  electric  dipole  system  is  given  by 


64ir4v3(v'v")  „ 

v'v"  "  3hgu  *  v'v" ‘ 


The  band  strength  Sv,  v„  is  defined  by 


SvV.  ■  I  /  VRe(r)V 


where  and  the  vibrational  wave  functions  of  the  v1  and 
levels,  are  each  solutions  of  a  one-dimensional  wave  equation. 
The  wave  equation  is 


'1 
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where  r  is  the  internuclear  separation  of  the  molecule  and  u  the 
reduced  mass.  Ev  is  the  energy  eigenvalue  of  the  v'th  level  and 
U(r)  is  the  molecular  potential.  The  electronic  transition  mo¬ 
ment  of  the  band  system  is  defined  by 

R  (r)  =  /  Y*  Ml1  .  dV, 
e  1  eu  el  * 

where  ’■?  and  4”  .  are  molecular  wave  functions .  The  electronic 
eu  ex 

transition  moment  has  been  difficult  to  calculate.  Under  suitable 

2h 

conditions  and  for  most  band  systems ,  it  is  possible  to  rewrite 
the  band  strength  equation  as 

Sv,v„  =  Rj(r)  |  J  dr | 2  =  R*(r)  q(v’v”), 

where  the  vibrational  overlap  integral  squared 

q(vV’)  =  |  /  f'v,4'v„  dr  | 2 

is  called  the  Franck-Condon  factor  of  the  band.  The  Franck- 
Condon  factors  for  a  band  are  normalized  according  to 

T  q(v’v")  =  l  q(v?v")  =  1. 

V1  v" 

The  r-centroid 

r  =  J  ¥  .,r  dr  /  f  V  „  dr 

J  y»  y  *  Y 

is  a  characteristic  internuclear  separation  associated  with  the 
band.  The  band  oscillator  strength  f  ,  „  is 

r  * _ me  gu  , 

v'v"  "  8iriieiiv(v'v")  g^  v’v" * 


The  intensities  in  emission  are  given  by 


I  =  N  .hcv(vV')  A  ,  « 


_  „  6k  4  v4(v’v")  /  ,  ,M 

Nv'  1"  c  - Vr)  * ▼  )» 


when  expressed  in  energy  per  unit  time,  and 

molecules  in  level  v'.  Since  -he  variation  of 

IT 

comparison  to  q.(v'v"),  one  may  use  q.(v'v")  • 
in  estimating  intensity  distributions  of  bands 


is  the  number  of 

R2(r)  is  small  in 
e 

vV'v") 

in  a  system. 
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3.3  Experimental  Details 

In  our  fluorescence  study,  a  windowless  hydrogen  discharge 
tube  operating  at  0.35  amp  dc  with  about  800  V  across  the  tube 
was  used.  The  experiments  were  performed  with  a  McPherson  1-m 
vacuum  monochromator.  The  experimental  chamber  was  placed  behind 
the  exit  slit  of  the  monochromator,  and  LiF  windows  (l  mm  x  25  mm 
diameter)  was  used  to  seal  the  chamber.  The  experimental  chamber 
was  connected  to  a  gas-handling  system,  through  which  various 
gases  can  be  introduced  or  pumped  out  from  the  chamber.  A  McLeod 
gauge.  Kg  and  oil  manometer,  and  CEC  and  MKS  capacitor  type 
pressure  gauges  were  employed  in  measuring  the  pressure  of  the 
sample  gas.  The  transmitted  light  was  detected  by  a  sodium  sali¬ 
cylate  coated  glass  mounted  behind  the  experimental  cell  and  an 
EMI  -  951^S  photomultiplier  tube  placed  in  air  behind  the  plate. 
The  phosphor  converted  the  transmitted  ultraviolet  radiation 
into  visible  light,  which  was  detected  by  the  photomultiplier 
tube.  The  quantum  efficiency  of  sodium  salicylate  was  assumed 
to  be  constant  over  the  region  500  to  2500 

The  fluorescence  was  observed  at  right  angles  to  the  inci¬ 
dent  beam.  In  some  experiments,  the  fluorescence  was  observed 
at  135°.  The  sodium  salicylate  coated  photomultiplier  was 

/ 

used  to  observe  the  resonance  emission,  while  the  uncoated 


quartz  window  was  employed  for  total  fluorescence  measurements. 
A  Suprasil  quartz  window  was  used  to  isolate  the  chamber  from 


the  atmosphere.  A  0.5  a  Bausch  and  Lomb  monochromator  was 

placed  behind  this  window  to  disperse  the  fluorescent  radiation. 

The  B  and  L  monochromator  utilizes  a  1200  1/mm  grating  in  an 

Ebert  type  mount.  The  slit  width  was  approximately  1  mm.  We 

placed  an  EMI  -  6255S  photomultiplier  tube  cooled  with  boiling 

liquid  nitrogen  behind  the  exit  slit  to  detect  the  dispersed 

radiation.  Commercial  photon-counting  equipment  was  used  and 

the  dark  background  count  was  about  10  counts  per  second.  In 

order  to  compare  intensities  of  the  emission  lines,  a  relative 

response  curve  of  the  B  and  L  monochromator  and  EMI  detector 

2  3 

system  was  obtained  with  the  use  of  a  quartz-iodine  lamp  *  for 
the  2500  to  6000  £  region  and  the  light  source  and  McPherson 
monochromator  for  the  1800  to  3000  £.  This  curve  is  shown  in 
Fig.  1. 

In  total  fluorescence  measurements,  the  McPherson  mono¬ 
chromator  could  scan  from  1050  to  2000  £  with  the  detectors 
viewing  the  emission.  The  dispersed  fluorescence  measurements 
were  made  with  the  McPherson  monochromator  (bandwidth  10  £)  set 
on  an  excitation  wavelength  while  the  B  and  L  monochromator  scanned 
from  1800  to  6000  £.  Measurements  were  made  under  static  gas 
pressures  and  flow  conditions.  The  steady  flow  was  necessary  to 
remove  the  dissociated  products. 

The  gases  were  obtained  from  the  Matheson  Company  in  pyrex 
bulbs  (assayed  reagent)  and  in  compressed  gas  cylinders  (various 
grades).  Seme  gases  were  further  purified  and  stored  in  pyrex 
bulbs.  Due  to  the  large  size  of  the  fluorescence  chamber,  the 


Fig.  1  (Sec.  3.3).  Relative  response  curve  of  B  i  L  monochromator  and  detector  system 
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compressed  cylinder  gases  were  used  without  further  purification. 
Gases  which  showed  signs  of  impurities  were  rejected. 
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3.4  Relating  Measured  Emissions  to  Franck-Condon  Factors 

Molecular  band  emission  intensities  for  electric  dipole 
transitions  are  given  by 

Kv'v")  -  Nv,  TT4  c  (y'V,,)  R^(r)  q(v'v") 

®u 

■  KjNv,  V4(v'v")  q(v'v"), 

where  Ki  is  a  constant.  If  the  intensity  of  emission  can  be 
expressed  in  terms  of  i(v'v")  in  counts  per  second  (the  peak 
photomultiplier  output  corresponding  to  a  fluorescence  transition 
from  some  vibrational  level  v'  to  a  lower  level  v")  and  r)(v'v") 
the  reJative  efficiency  of  the  fluorescence  analyzing  system, 
we  may  write 

I(v'v")  *  K2i(v'v")  vCv'v'O/nCv'v") , 

and 

N  ,  =  k3  i„  i(vV')/n(vV'), 

V  y" 

where  K2  and  K3  are  constants  of  proportionality.  Solving  the 
equations  for  q(v'v")  in  terms  of  the  measured  values,  we  hav 

K2Kiti(v,v")/r)(v,v")  1 

q(v'v")  *  -  - - * 

KiK3  l  i(v'v")/n(v'v")  v3(v'v") 

v" 

where  Ki,  is  the  normalizing  factor  such  that  E  q(v'v‘')  =  1. 

v" 

The  band  emission  data  were  obtained  with  low  gas  pres¬ 
sures  so  that  the  absorption  of  the  emitted  radiation  could  be 
neglected. 
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3 . 5  Carbon  Monoxide  (CO) 

Introduction 

The  absorption  and  emission  spectra  of  CO  have  been  studied 
by  many  investigators  .  Krupenie^  has  made  a  detailed  summary 
of  the  results  prior  to  19 66.  There  are  several  strong  transi¬ 
tions  such  as  AAn  -  X1!4,  B1I+  -  X1!4",  C1!*  -  X1!4-,  and  E 1 II  -  X1!*, 
which  lie  in  the  region  1000  to  2000  £.  In  this  same  region  of 

the  spectrum  the  transitions  of  six  -eaker  forbidden  systems 
2 

have  been  observed.  The  emission  spectrum  has  been  of  interest 

since  the  Uth  positive  system  (A*n  -  X1!*)  has  been  identified 

3  U 

in  the  solar  spectrum.  *  The  other  emission  system  studied  in 
detail  are  the  Angstrom  bands  (B1!!*  -  A  *11)  and  the  Herzberg 
bands  (C1!*  -  A 1 II) . 1  The  absorption  cross  sections  were  mea¬ 
sured  with  l8  resolution  by  Watanabe,  et  al,^  and  more  recently, 

6  o 

by  Myer  and  Samson  with  0.25  A  resolution.  Experimental  scat¬ 
tering  cross  sections  in  the  3000  to  2000  £  region  were  reported 
by  Marmo.^ 

Radiative  lifetime  measurements  on  several  A  -  B,  B  -  C, 

8  9 

and  C  -  X  transitions  have  been  made  by  Hesser  and  Dressier.  ’ 
Franck-Condon  factors  have  been  calculated  by  Nicholls  and  co¬ 
workers.  Fluorescence  of  CO  induced  by  radiation  from  rare 

gas  resonance  light  sources  have  been  studied  by  Becker  and 
12  13  l4 

Welge  ,  and  Slanger  and  Black.  ’  Emission  from  the  A 1 U, 
a'  3E+,  d3A,  and  e3Z-  states  were  observed.  Three  triplet  state 
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transitions  to  the  a3JI  state  were  observed  in  the  5000  to  6000  8 
region.  In  the  present  investigation  the  fluorescence  due  to 
the  Fourth  Positive,  Angstrom,  and  Herzberg  bands  were  studied 
in  the  region  2000  to  5200  8.  Franck-Condon  factors  were  mea¬ 
sured  ana  compared  with  theoretical  values. 

Discussion 

The  excitation  spectrum  of  CO  was  obtained  with  about  lX 
resolution  in  the  region  1050  to  2000  8.  A  scaium  salicylate 
coated  disk  was  placed  in  front  of  the  photomultiplier  mounted 
normal  to  the  excitation  radiation  to  view  the  undispersed  uv 
fluorescent  radiation  and  the  disk  was  removed  to  view  the 
fluorescence  greater  than  3000  8.  The  excitation  spectrum  showed 
the  A-X,  B-X,  C-X,  and  E  -  X  transitions  to  be  intense 
while  the  triplet  states  a' ,  e,  ard  d  were  weak  as  expected.  In 
many  cases  the  triplet  states  overlapped  the  strong  singlet 
transitions. 

The  dispersed  fluorescence  spectrum  of  A  — ►  X,  (5,  v")  and 
(6,  v")  were  obtained.  The  Angstrom  band  (0,  v"),  and  Herzberg 
band  (0,  v")  were  also  obtained.  Figs.  1,  2,  3,  and  h  show  the 
fluorescence  spectrum  as  a  itmction  of  wavelength.  The  experi¬ 
mental  Franck-Condon  factors  are  compared  with  the  theoretical 

values  in  Tables  I,  II,  and  III.  The  results  are  in  good  agree- 

10,11 


ment  with  the  theory. 


CO  — 7.ITorr  xin  =  1368 


Fig.  3  (Sec.  3.5) •  Fluorescence 
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Table  II.  Comparison  of  Franck-Condon  factors  for  the  Angstrom 
bands  (B1  Z  — *  A1  II )  of  CO. 


v'v” 

Vv" 

q^i.  (Theory) 

o 

** 

o 

O.lU  ±  0.03 

0.18 

0,  1 

0.38  t  0.08 

0.33 

0,  2 

0.48  ±  0.12 

0A4 

Table  III. 

Experimental  Franck-Condon  factors 
bands  (C1!  — ►  A1!!)  of  CO. 

for  the  Herzberg 

v'v" 

Vv" 

o 

«• 

o 

0.17  ±  0.07 

0,  1 

0.27  ±  0.09 

o,  2 

0.2 6  ±  0.10 

c,  3 

0.30  ±  0.20 

b.  reference  10 
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3 • 6  Ammonia  (NH.,) 

Introduction 

The  absorption  spectrum  of  ammonia  in  the  vacuum  ultraviolet 
has  been  extensively  studied.  Herzberg"1"  has  reviewed  the  investi¬ 
gations  prior  to  1966.  Absorption  and  photoionization  coefficients 

2  3 

were  measured  by  Watanabe  and  Sood  *  in  the  spectral  region 

600  to  2200  X.  In  the  region  1050  to  2200  8,  there  appear  to  be 

at  least  three  continua  underlying  the  numerous  bands.  McNesby 
It 

and  Okabe  have  reviewed  the  investigations  on  the  photodissocia¬ 
tion  processes  by  means  of  conventional  product  analysis,  flash 
absorption  spectroscopy,  fluorescence,  and  photoionization.  The 
emission  observed  when  ammonia  was  irradiated  with  1050  to  1700  8 

radiation  was  primarily  due  to  the  photodissociated  products  of 

5-7  7 

ammonia,  e.g.  NH2  and  NH.  Okabe  and  Lenzi  by  use  of  filters 
obtained  relative  fluorescence  curves  of  NH2  AA\  — ►  &2Bi ,  and 
NH  c 1 II  — ►  a1 A  emission.  The  threshold  energy  for  the  production 
of  NH  (c 1 n )  was  obtained  and  from  that  the  energy  level  separation 
of  the  NH  (a*A)  state  with  respect  to  the  ground  state  NH  (X3!-) 

y  8 

was  determined  to  be  <,1.6  ±  0.1  eV.‘  Foner  and  Hudson  obtained 
values  ranging  from  1.6  to  2.2  eV  from  appearance  potential  mea- 

Q 

surements,  while  Hurley  calculated  1.76  ±  0.2  eV  using  orbitals 
with  an  interatomic  correction  and  Huo^  obtained  1.83  eV  by 
means  of  single  configuration  SCF  calculations. 

The  purpose  of  this  study  was  to  disperse  the  fluorescent 


radiation  and  to  identify  the  photodissociated  products,  and  also 
to  determine  the  separation  of  the  NH  a'i  -  X3E~  energy  levels. 

Discussion 

The  experimental  traces  are  shown  in  Fig.  1.  The  upper 
curve  shows  the  intensity  distribution  of  the  emission  lamp  in 
the  region  900  to  1700  ft.  The  middle  trace  shows  the  excitation 
spectrum  with  NH  c 1 II  — a1  A  emission,  since  the  Bausch  and  Lomb 
monochromator  was  set  at  321+0  ft.  The  lower  trace  was  taken  with 
the  Bausch  and  Lomb  monochromator  set  at  central  image  and  a 
3700  ft  cutoff  filter  placed  in  front  of  the  entrance  slit.  The 
NH  c 1 II  — ►  a1  A  emission  trace  shows  the  threshold  at  about 
1245  ±  10  ft  which  disagrees  with  the  value  obtained  by  Okabe 
and  Lenzi,1  i.e.  1325  ±  7  ft.  The  ratio  of  the  fluorescence  in¬ 
tensity  to  the  incident  intensity  (I^/I^  are  in  good  agreement 

7 

when  normalized  to  the  curve  published  by  Okabe  and  Lenzi  in  the 

region  1100  to  1230  ft.  Fig.  2  shows  the  photodissociation  point. 

The  photodissociation  tail  is  similar  to  the  photoionization 
2 

yield  tail  where  they  tend  to  follow  a  Boltzmann  distribution  for 
the  population  of  higher  vibrational  levels  of  the  ground  state. 
Our  results  beyond  1230  ft  shows  a  definite  threshold  while  the 

7 

curve  of  Okabe  and  Lenzi '  remains  constant  to  their  threshold  of 
about  1325  ft.  This  may  be  due  to  their  use  of  a  broad  band  fil¬ 
ter  2200  to  4200  ft  instead  of  a  monochromatoi  .  NH2  A2Aj  — *■  S'2B1 
emission  (3800  to  4200  ft)  was  probably  excited  with  photon  energy 
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greater  than  9.35  eV  (1325  2),  since  the  threshold  for 
NH^  +  hv  — *  NH2(a2A)  +  H(2S)  is  5. TO  eV,^  and  the  additional 
energy  of  3.7  eV  may  populate  higher  levels  of  22A.  Although 
Becker  and  Welge^  reported  weak  NH  — *■  a1  A  emission  excited 

by  the  weak  xenon  resonance  line  at  1295  2,  their  results  may  be 
affected  by  impurity  emission  lines  less  than  1250  2  since  the 
light  source  radiation  was  undispersed. 

The  threshold  energy  for  the  appearance  of  the  NH 
c 1 n  — ►  a1 A  emission  can  be  used  to  calculate  the  energy  sepa¬ 
ration  of  the  a1 A  state  from  the  X3£~  ground  state  of  NH.  Fol- 

7 

lowing  the  method  of  Okabe  and  Lenzi  we  obtain  2.2  ±  0.1  eV  as 
comparaed  to  their  value  of  1.6  ±  0.1  eV.  Both  results  are  in 

g 

agreement  with  the  appearance  potential  values  and  theoretical 

9  10  2  ^ 

values.  1  The  absorption  curve  of  Watanabe  and  Sood  ***  show 

an  underlying  continuum  from  the  LiF  cutoff  to  about  1260  2, 

1260  to  1550  2,  and  1550  to  2200  2.  The  first  one  up  to  1260  2 

appears  to  be  correlated  with  NH  c 1 II  production. 

The  excitation  spectrum  obtained  with  an  EMI  -  62553  pho¬ 
tomultiplier  showed  the  NH^  B^"  -  $*A  bands  v'  =  2  to  8,  and 
1PA2  -  bands  v'  =  0  to  11  fluorescing.  This  is  in  agreement 
with  Okabe  and  Lenzi  who  suggested  that  all  discrete  transitions 
as  well  as  the  continuum  dissociates  into  NH^  22Aj  +  H(2S)  in 
the  region  1650  to  1200  2. 
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3.7  Nitric  Oxide  (NO) 

Introduction 

The  absorption  and  emission  spectra  of  NO  have  been  stu¬ 
died  in  detail.  A  review  of  the  spectroscopy  and  the  role  of  NO 
in  photochemistry  was  published  in  1968  by  Heiklen  and  Cohen?" 

2- 

Recent  investigations  have  been  made  by  Miescher  and  co-workers. 

The  electronic  absorption  spectrum  of  NO  starts  below  2300  X  and 

7 

extends  into  the  VUV.  Gilmore  has  published  potential  energy 
curves  for  most  of  the  electronic  states  and  Fig.  1  shows  some 
of  the  curves.  Transitions  between  the  ground  electronic  state 
X2n  and  the  A2£+,  B2 II ,  C2II,  D2E+,  E2£+,  and  B,2A  states  are  re¬ 
ferred  to  as  y ,  B,  6,  e,  y*  and  B'  bands,  respectively.  Emission 
has  never  been  observed  in  the  B  system  for  v'  >  J.  In  the  6 
system  no  emission  has  been  detected  for  v'  >  0  and  even  the 
zero  level  predissociates.  The  results  are  consistent  with  the 
dissociation  energy  of  6.50  eV.  Emission  from  other  upper  states 
to  the  ground  state  have  also  been  observed,  i.e.,  F  2A  -  X2JI, 
and  N  2A  -  X2II.  Nearly  all  2Z  and  2n  levels  above  the  disso¬ 
ciation  limit  of  the  ground  state  atoms  are  missing  because  of 
predissociation  by  the  repulsive  A'2E+  state,  so  that  the  2A 
levels  are  almost  the  only  ones  leading  to  emission  at  higher 

g 

energies.  In  our  present  study  the  levels  populated  are  listed 
in  Table  I  with  the  allowed  transitions. 

Recently,  fluorescence  studies  of  NO  excited  by  VUV  mono- 
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chromatic  radiation  were  made  by  Callear  and  Smith,  and  Young, 
et  al . ^  The  former  used  a  xenon  continuum  light  source  above 
1800  8,  while  the  latter  used  Hg  and  rare  gas  resonance  light 
sources  which  emitted  radiation  of  wavelengths  1849,  1470,  1165 
and  1236,  and  1048  and  1067  8  ,  respectively.  Okabe^1  used  a 
broad  filter  (2200  to  4l00  8  bandwidth)  detector  and  an  dis¬ 
charge  light  source  to  observe  the  excitation  spectrum  of  NO  in 
the  region  2000  to  1050  8.  The  intensity  of  the  emission  bands 

can  be  related  to  oscillator  strengths  and  Franck-Condon  factors. 
12 

Wray  has  reported  oscillator  strengths  for  nine  transitions 

13 

between  Rydberg  states  in  the  near  infrared  region,  and  Ory 

reported  on  oscillator  strengths  for  y,  &,  <5,  and  e  systems. 

14 

Nicholls  has  published  Franck-Condon  factors  for  most  of  the 

15 

allowed  transitions.  Spindler,  et  al,  have  used  the  RKR  type 
potentials  to  obtain  Franck-Condon  factors  for  the  y  system  which 
was  in  good  agreement  with  the  results  of  Nicholls  who  used 
Morse  type  potentials. 

The  purpose  of  this  investigation  was  to  investigate  the 
fluorescence  of  NO  excited  by  monochromatic  radiation  in  the 
region  2300  to  1400  8. 

Results  and  Discussion 

The  fluorescence  spectrum  of  NO  in  the  region  1680  to 
1430  8  is  shown  in  Fig.  2.  This  was  obtained  with  the  EMI  -  6255s 
photomultiplier  placed  at  right  angles  to  the  excitation  radia- 
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tion  (l  X  bandwidth).  The  photon  detector  was  sensitive  to 
fluorescence  in  the  region  1900  to  6500  X.  The  ratio  of  fluores¬ 
cent  intensity  to  incident  intensity  was  normalized  to  unity  at 
1635  X.  The  excitation  spectra  show  many  overlapping  states. 

The  H,  H'  states  show  weak  emission  in  the  visible.  With  ex¬ 
citation  of  wavelength  1U70  X  from  our  source,  the  emission  was 
weak;  however.  Young,  et  al1(^  observed  H'  — *■  A  (2,  2), 

B'  — ►  B  (3,  0  +  5,  3  +  2,  0),  E  — *•  A  (0,  0  +  1,1  +  2,  2), 

0*  ►  c  (0,  0),  O'  — ►  D  (0,  0),  H  — ►  C  (0,  0)  and  B'  — *  C  (7>  0) 

transitions  using  a  strong  resonance  lamp  at  1U70  X. 

In  order  to  have  sufficient  intensity  to  populate  the  HO 
upper  states,  the  exit  slit  for  exciting  radiation  was  set  for 
a  bandwidth  of  10  X  while  the  Bausch  and  Lomb  monochromator  was 
adjusted  for  a  bandwidth  of  18  X.  Figures  3,  **,  5  and  6  show 
typical  fluorescence  of  HO  excited  by  light  of  16U0,  l6l0,  1580 
and  1550  X,  respectively.  Figure  2  shows  that  the  excitation 
wavelengths  corresponding  to  the  depopulation  of  the  B* ,  D,  E, 
and  F  states.  Tables  II,  III,  IV,  and  V  show  the  transitions  ob¬ 
served.  The  emission  wavelengths  listed  are  averaged  because 

the  excitation  wavelength  populated  several  upper  states.  The 

lU 

Franck-Condon  factors  q^.,  n  calculated  by  Hicholls  indicate 
that  B'  — *•  X  transitions  to  high  vibrational  number  v"  >  6  give 
rise  to  intense  emission.  Some  for  D,  E,  and  F  states  were 

found  to  be  comparable  to  B' — *■  X  transitions.  For  Rydberg 
states  (A,  C,  D,  E,  F,  K)  the  shape  of  the  potential  energy 


curves  are  almost  identical,  and  the  internuclear  separation  for 

the  various  states  are  very  nearly  equal  (see  Fig.  l).  Hence, 

the  Oyt.y.M  are  very  nearly  unity  for  Av  =  0  and  should  be  quite 

small  for  Av  i  0,  as  shown  by  calculations  for  several  Rydberg 
lU 

systems.  Visible  and  infrared  systems  arise  from  F  — ►  C, 

E  - — *■  A,  D  ►  A,  and  C  — *•  A  transitions,  while  A  — ►  X  is  in 

the  ultraviolet.  Transitions  involving  the  non-Rydberg  B'  state 
are  B  — ►  X,  B'  — ►  B,  and  B'  — *•  C  (U,  l)  and  (7,  0).  Since 
the  C  state  predissociates  there  are  no  C  — *  A,  and  C  — *■  X 
emission  for  v'  >  0. 

j 

Some  experimental  a  ,  „  are  tabulated  in  Table  VI.  These 
bands  were  relatively  free  from  overlap  by  other  states.  The 
B'  — ►  X  (1,  v" )  results  were  obtained  by  neglecting  the  contri¬ 
bution  of  E  — +•  X  (0,  v"),v"  £  6,  since  the  q^,,  of  the  y’  sys¬ 
tem  were  much  smaller  than  the  qlv„  of  the  B'  system.  Also,  since 
the  2A  states  are  not  as  strongly  affected  by  predissociation  of 

the  2E  and  2n  states,  the  B'  system  should  dominate.  The  re- 

lU 

suits  are  in  good  agreement  with  calculated  values  of  Nicholls. 
indicating  the  y‘  band  contribution  is  negligible.  Most  of  the 
other  systems  were  overlappt--.  by  A  — *•  X  and  B  — *•  X  transitions 
because  the  upper  states  B' ,  D,  E,  and  F  cascade  to  the  A  and  B 
levels  by  radiative  decay.  Due  to  our  lack  of  resolution, 
quantitive  were  not  obtained  for  many  transitions.  In 

Fig.  6,  the  A  — ►  X  (0,  v")  many  be  ascribed  to  the  K2II  (v  =  0) 
state  cascading  to  the  A2!  (v'  =  0)  directly  or  via  C  (v  =  0) 


and  D  (v  =  0)  states,  although  Huber‘S  reported  the  absence  of 

emission  bands  with  K,  M  or  S  upper  states  due  to  weak  predis- 
12 

sociation.  Wray  reported  an  experimental  oscillator  strength 
f  <  0.08  for  K  — *  D  emission,  but  he  did  not  investigate  the 
K  — *•  A,  and  K  — *•  C  transitions.  With  our  present  experimental 
arrangement  we  were  not  able  to  investigate  emission  due  to 
K  — ►  A  and  E  — ►  A  because  of  the  limited  response  of  our 
analyzing  system. 
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Fig.  U  (Sec.  3.7).  NO  fluorescence  excited  by  1608  X. 
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Table  I.  NO  Transitions.* 


A.  Populated  Upper  States  (2300  to  1^00  fi) : 

a2z+,  B2n,  c2n,  d2z+,  e2i+,  b,2a,  f2a,  n2a,  h2e+,  h,2ii, 
o'2n,  k2ji,  m2z+,  s2e+. 


B.  Allowed  Transitions: 


A  — ►  X 
B  — ►  X 
C  — ►  X 

D  - ►  X 

E - ►  X 


(y  system) 

(B  system) 

( 6  system),  C  — ►  A  (Heath  system) 

(e  system),  D - *■  A  (Feast  #1  system) 

(y'  system),  E  — *•  A  (Feast  #2  system). 


B'  — ►  X 
F  — ►  X; 

H,  H’  — *  X; 
0,  O'  — ►  X; 
N  — *  X; 

K  — *  X; 

M  — ►  X; 

S  — ►  X; 


E  — ►  C,  E  — ►  D 

(B'  system),  B' — »-B  (Ogawa  system) 

F  — ►  B,  F  — *■  C, 

H,  H'  - -  A,  H,  H'  - ►  C,  H,  H'  - *  D 

0,  O’  - ►  A,  0,  O'  — ►0,0,0'  — ►  D 

N - ►  B,  N  - ►  C 

K  — ►  A,  K  — ►  C,  K  — ►  D 
M  — ►  A,  M  — ►  C,  M  — ►  D 
S  — ►  A,  S  — ►  C,  S  — ►  D 


*  reference  no.  1 


<L' 


1 . 


Table  III. 


NO 


spectrum  produced  by  1610  X  radiation. 


x  (a) 

P  — ►  X 

D  — ►  X 

B’  - ►  X 

A  — ►  X 

1950 

(0,  6) 

(4,  6) 

(2,  6) 

(4,1) 

2018 

(0,  7) 

(4,  7) 

(2,  7) 

(4,2) 

2089 

(0,  8) 

(4,  8) 

(2,  8) 

<4,3) 

2163 

21T0 

(0,  9) 

(4,  <;) 

(2,9) 

(4,4)* 

2242 

2262 

(0,  10) 

(4,  10) 

(2,  10) 

(4,5)*(0,0)* 

2325 

2360 

(0,  11) 

(4,  ll) 

(2,  11) 

(4,6)*(o,i)* 

2413 

2450 

2470 

(0,  12) 

(4,  12) 

(2,  12) 

(4,7)* 

(0,2) 

2506 

2552 

(0,  13) 

(4,  13) 

(2,  13) 

(4,8) 

2605 

2665 

(0,  14) 

(4,  14) 

H 

#* 

CVJ 

(0,3) 

(4,9) 

2710 

2785 

(0,  15) 

(4,  15) 

(2,  15) 

(0,4) 

(4,10) 

2821 

2850 

(0,  16) 

(4,  16) 

(2,  16) 

(0,5) 

2925 

(0,  17) 

(4,  17) 

(2,  17) 

(4,11) 

3060 

(0,  18) 

(4,  18) 

(2,  18) 

*  on  shoulder  of  line,  unresolved 
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Table  IV.  NO  spectrum  produced  by  1580  8  resolution. 


A(S0 

B'  - *  X 

E  ■ — ►  X 

B  - ►  X 

A  — ►  X 

A  — ►  X 

D  — ►  X 

1905 

(3,  6) 

(l,  6) 

1970 

(3,  7) 

(1,  7) 

2000 

(1,  3) 

2035 

(3,  8) 

(1,  8) 

2075 

(1,  4) 

2105 

(3,  9) 

(1,  9) 

2155 

(1,  0) 

2180 

(3,  10) 

(1,  10) 

2240 

(1,  D* 

2260 

(3,  11) 

(1,  11) 

(0,  0) 

2342 

(3,  12) 

(1,  12) 

(1,  2)* 

(0,  1)* 

2430 

(3,  13) 

(1,  13) 

(1,  3) 

2470 

(0,  2) 

2520 

(3,  14) 

(1,  14) 

2555 

(1,  4) 

2590 

(0,  3) 

2625 

(3,  15) 

(1,  15) 

2670 

(1,  5) 

2715 

(3,  16) 

(1,  16) 

(0,  4) 

2800 

(l,  6) 

2815 

(3,  17) 

(1,  17) 

(0,  \) 

2940 

(3,  18) 

(l,  18) 

(1,  7) 

on  shoulder  of  line,  unresolved. 


Table  V.  NO  spectrum  produced  by  1550  X  radiation. 


\{%) 

B'  - *■  X 

F  — ►  X 

D  — ►  X 

B  — ►  X 
A  — v  x 

1990 

(4,  8) 

(1,  8) 

(5,  8) 

2055 

(4,  9) 

(1,  9) 

(5,  9) 

2125 

(U,  10) 

(1,  10) 

(5,  10) 

2150 

(1,  0) 

2200 

(4,  11) 

(1,  11) 

(5,  11) 

2240 

(1,  D* 

2262 

2277 

(4,  12) 

(1,  12) 

(5,  12) 

2335 

(1,  2) 

2365 

(4,  13) 

(1,  13) 

(5,  13) 

2470 

(4,  14) 

(1,  14) 

(5,  14) 

(1,  3)* 

2550 

(4,  15) 

(1,  15) 

(5,  15) 

(1,  4) 

2590 

2635 

(4,  16) 

(1,  16) 

2670 

(1,  5) 

2715 

*  on 

shoulder  of 

line,  unresolved. 
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Table  VI. 

Comparison 
NO  D2I+  — 

of  Franck-Condon  factors 
►  X2JI,  and  B,2d  — X2n. 

for 

D  — ►  X 

A(X) 

<lviv"  exP* 

theory8. 

(0,  1) 

1945 

0.34  ±  0.10 

0.35 

(0,  2) 

2018' 

0.28  ±  0.09 

0.31 

(0,  3) 

2095 

0.23  ±  0.06 

0.21 

(0,  4) 

2176 

0.15  ±  0.04 

0.13 

(1,  3) 

2000 

0.46  i  0.14 

0.35 

(1,  4) 

2075 

0.54  ±  0.11 

0.65 

B*  — ►  X 

x(8) 

%tv»  exP* 

Qy  iv»i  theory9. 

(1,  6) 

1985 

0.33  ±  0.09 

0.34 

(1,  7) 

2055 

0.36  ±  0.07 

0.33 

(1,  8) 

2128 

0.14  ±  0.06 

0.21 

(1,  9) 

2206 

0.11  +  0.04 

0.09 

(1,  10) 

2288 

0.06  ±  0.03 

0.03 

a.  reference  14. 
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3.8  Hydrogen.  Nitrogen.  Oxygen,  and  Sulfur  Dioxide 

In  the  region  1125  to  1050  £  there  are  weak  absorption 
bands  corresponding  to  Hg  (B1!  ■* — X1!)  and  Ng  (C3n  ■< — XJE+) 
transitions.  VUV  scattering  was  observed  for  Hg  (B1!  — ►  X1!), 
where  v'  =  0  to  It.  Nicholls1  has  computed  Franck-Condon  factors 
for  these  transitions.  Total  emission  data  was  obtained  with  a 
sodium  salicylate  coated  photomultiplier  and  the  re stilts  are 
listed  in  Table  1,  where  the  ratio  of  the  maximum  total  uv  emis¬ 
sion  intensity  to  the  incident  intensity  (l_/l  )  is  equal  to 
unity.  The  absorption  cross  section  was  measured  with  1  £  reso¬ 
lution  to  be  1.5  x  10-20  cm2  for  the  B*E  ■* — X1!  (0,0)  transi¬ 
tion. 

The  radiative  decty  of  the  C2n  state  of  Ng  gives  rise  to 
the  Second  Positive  (2+)  bands  of  Ng  (C3n  — *■  B3Il),  which  in 
turn  cascades  to  the  A3II  states  with  the  emission  of  the  First 
Positive  (1  )  bands.  The  emission  of  the  2  bands  are  in  the 
3000  to  U000  £  and  the  1+  bands  in  the  10,000  £  region.  Rela¬ 
tive  intensity  distribution  of  the  C  ►  B  (0,v'')  and  (l,v") 
transitions  were  obtained.  Fig.  1  shows  the  2+  (0,v")  transitions. 

Franck-Condon  factors  were  calculated  and  compared  with  theore- 
2  3 

tical  values  in  Table  2.  Nicholls  has  calculated  Einstein  A 

coefficients  with  the  use  of  relative  emission  data  from  an 

4 

electrical  discharge,  and  the  lifetimes  of  the  vibrational  levels 

of  the  C3JI  state  obtained  by  Bennett  and  Dalby.^  The  calculated 

2 

Franck-Condon  factors  were  used  to  place  the  relative  band 
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strengths  on  an  absolute  basis.  The  present  results  are  in  good 

■3 

agreement  with  the  theory  and  confirms  the  results  of  Nicholls. 

Recently,  Jeunehomme^  repeated  lif ei ’ '.e  measurements  of  the  C 

and  B  levels  and  obtained  oscillator  strengths  for  the  2+  system 

3 

which  are  in  excellent  agreement  with  Nicholls.  In  the  1^50  to 

1150  R  region  where  the  Lyman-Birge-Hopfield  system  (a1!!  -  X1!*) 

g  g 

lie  no  detectable  emission  was  observed. 

In  the  case  of  0 2  the  emission  curves  showed  no  detectable 

emission  for  the  Schumann-Runge  bands  (B3E-  — *■  X1!-).  This  is 

u  g 

in  agreement  with  th?  investigation  of  Hudson  and  Carter!  who 
found  that  the  upper  levels  of  B3E~  v'  =  3  to  17  were  predisso- 

g 

dated.  Tohmatsu  also  reported  no  detectable  emission  of  the 

Schumann-Runge  bands  in  the  earth's  dayglov.  Due  to  the  spectral 

response  of  the  041  -  6255S  photomultiplier  the  0.  (biE+  — *  X3E-) 

2  g  g 

emission  at  7618  R  was  not  detected.  Young,  et  al  10  and  Fil- 
seth,  et  al,11  investigated  this  emission  excited  by  VUV  radia¬ 
tion  in  the  1050  to  1700  R  region. 

Emission  from  the  cf  and  I)  « — ►  &  transitions  were  observed 

for  SOg.  The  emission  spectrum  corresponded  to  the  absorption 

o 

coefficient  curve  of  Golomb,  et  al» 


Table  1.  Relative  Emission  Intensity  for  B1!  — X1!  of  H^. 


— PO  P 

0,  0  1108.6  1.00  1.5  X  10  cm 

1,  0  1092.6  0.8l 

2,  0  1077.6  0.72 

3,  0  1063.3  0.20 

4,  0  1049.7  0.10 


*  T.  Namioka,  J.  Chem.  Phys.  43.,  l63o  (1965). 
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Table  2.  Comparisons  of  Franck-Condon  factors  for  N,. 
(C3n  — *■  B3n)  Second  Positive  Bands. 


v'  ,  v 


‘ly'v"  eXP  ' 


theory 


0.1+3  ±  0.09 
0.33  ±  0.08 
0.17  ±  0.05 
0.07  ±  0.0U 


0.U2  ±  0.15 
0.02  ±  0.03 
0.28  ±  0.11+ 


0.28  ±  0.H+ 


a.  reference  2, 


Fig.  1  (Sec.  3.8).  N  fluorescence  -  2nd  positive  bands. 
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k.  EFFECT  OF  MOLECULAR  COLLISIONS  ON  FLUORESCENCE 


4.1  Introduction 

The  effect  of  collisions  on  the  fluorescence  of  atmospheric 

and  planetary  gases  is  of  interest  in  planetary  ultraviolet 

spectroscopy.  Since  the  gamma  bard  emission  of  HO  has  been 

observed  in  the  day  glow  of  the  earth  the  study  of  the  collision 

of  Ng  with  excited  NO  is  desirable.  Laboratory  studies  on  NO 

fluorescence  in  the  presence  of  Ng  were  made  recently  by  Callear 
2 

and  Smith.  The  D,  C,  and  A  electronic  states  of  NO  were  populated 
with  radiation  from  a  xenon  lamp  and  the  fluorescence  of  these 
states  was  observed  with  a  spectrometer.  When  Ng  was  added  the 
D  and  C  state  fluorescences  were  quenched  while  the  A  state  (gamma 
band)  fluorescence  was  enhanced.  The  C  to  A  collision  induced 
transition  was  found  to  be  predominant  and  this  added  population  of 
the  A  state  explained  the  increase  of  gamma  fluorescence.  The 
diagram  in  Fig.  1  of  section  3.7  shows  the  energy  states  of  NO. 

3 

Callear  reviewed  the  possible  types  of  energy  transfer 
mechanisms  involving  the  four  types  of  molecular  energy:  trans¬ 
lational,  rotational,  vibrational,  and  electronic.  Two  experi¬ 
mental  investigations  on  electronic-electronic  energy  transfer 

2  4 

of  diatomic  molecules  have  been  reported.  *  Further  study  on 
NO-Ng  can  be  made  by  increasing  the  energy  of  the  exciting  radi- 
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ation  to  populate  nigher  electronic  states  of  NO,  e.  g.  D,  E,  B, 
B' ,  F  states.^  Many  of  these  states  may  populate  the  C  state  by 
radiative  transition  or  by  level  crossing.^  This  means  that  the 
fluorescence  from  the  higher  states  could  be  affected  by  the 
NO-N^  collisions. 

With  the  use  of  monochromatic  light,  specific  electronic 

states  can  be  excited  and  the  resulting  fluorescence  can  be  ob- 

7 

served.  Since  a  repulsive  state  interacts  with  B,  D,  and  E 
states,  it  would  be  worthwhile  to  investigate  the  fluorescence 
from  B'  and  F  states  in  the  presence  of  N2  and  other  gases. 

h.2  Inelastic  Collisions  and  Quenching 


The  depopulation  of  excited  states  by  inelastic  collisions 
with  ground  state  atoms  or  molecules  may  be  expressed  by 


dN, 

dt 


-  ”u  <'uX  + 


Z), 


where  is  the  number  of  excited  states  per  unit  volume,  and 
the  radiative  lifetime  of  the  excited  state.  The  quantity  Z 
is  given  by 

Z  a  No  V  (sec-1), 
c  r 


where  N  is  the  total  particle  density,  the  mean  relative 
velocity  Vy  =  (l6kgT  /  irM)  ,  with  kg  the  Boltzmann  constant,  M 
the  atomic  mass  of  the  particle,  T  the  temperature  of  the  gas, 

Q 

and  a  the  cross  section  for  inelastic  collisions* 
c 
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In  the  collision  deexcitation  process  with  a  quenching 
gas,  the  rate  of  forming  the  excited  state  is  equal  to  the  rate 
of  depopulating  the  excited  state  under  steady  state  conditions. 
Accordingly, 

N 

F  =  —  +  ZH  . 

T  U 

U 


Hence , 


n  =  r 

u  1 


-  +  Z 
Tu 


F  must  he  independent  of  the  foreign  gas  pressure  and  remain 
constant  with  the  absorbing  gas  pressure  and  exciting  radiation. 
The  emitted  radiation  with  the  foreign  (quenching)  gas  is  equal 


to  N  /t  or 
u  u 


N 


u 


1  +  V  • 


Now,  the  emitted  radiation  without  the  foreign  gas  is  equal  to 
F;  therefore,  the  quenching  Q  is  defined  by 

0  -  Baission  with  foreign  gas  a  1 
*  Baission  without  foreign  gas  1  +  t^Z  ’ 

9 

This  equation  was  first  obtained  by  Stern  and  Volmer.  Since  Z 
varies  linearly  with  foreign  gas  pressure  P,  a  quenching  curve 
of  1/Q  versus  P  should  result  in  a  straight  line  since 

^  -  1  +  const.  P. 
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U.3  Effect  of  Ng  and  Argon  on  Fluorescence  uf  NO 

The  excitation  wavelengths  of  1640,  l6l0,  1580,  and 

1550  «  were  used  to  excite  NO  to  various  upper  states  (see 

section  3.7) •  Figures  3,  U,  5»  and  6  in  section  3.7  show  the 

typical  fluorescerce  spectra  of  NO.  In  order  to  study  the 

effects  of  Ng  and  argon  on  the  fluorescence  of  NO,  pressure 

of  about  0.20  Torr  of  NO  were  used  to  minimize  self  absorption 

of  the  emission.  The  pressures  of  the  quenching  gases  were 

varied  from  0.20  to  100  Torr.  As  the  pressure  of  Ng  was 

increased,  the  fluorescence  of  NO  except  for  the  y  bands  was 

quenched.  The  y  band  intensity  increased  as  the  pressure  of 

Ng  was  increased.  A  partial  pressure  of  about  20  Torr  of  N0 

was  sufficient  to  quench  the  emission  of  NO  except  for  the 
2_+ 

A  Z  state.  When  argon  was  used  as  the  quenching  gas,  the 

NO  fluorescence  decreased  with  the  increase  of  argon  pressure. 

2  + 

The  A  Z  state  was  also  quenched  and  this  is  in  agreement  with 
the  interpretation  that  the  A  state  was  formed  by  radiative 
decay  from  the  upper  states  and  not  by  direct  excitation  with 
the  wavelengths  used.  Figures  1  and  2  illustrate  Stern- 
Volmer  plots  for  NO  emission  quenched  by  Ng  and  argon.  The 
curves  are  in  agreement  with  the  collisions^.  deactivation 
model.  The  slopes  show  that  the  quenching  effect  of  Ng  is 
greater  thsua  that  of  argon.  Figure  3  shows  the  enhsuicement 


! 


So 

of  the  y(0,l)  band  as  is  added  to  NO.  The  curve  shows  a 
gradual  rise  of  the  intensity  with  pressures  greater  than 
20  Torr  of  N£.  The  fluorescence  spectrum  of  excited  NO  with 
N2  pressures  greater  than  20  Torr  is  primarily  due  to  y  bands. 

A  trace  of  the  y  bands  is  shown  in  Figure  4.  Since  the  y 
bands  were  isolated,  the  Franck-Condon  factors  were  obtained 
with  No  pressures  ranging  from  23  to  100  Torr.  The  results 
are  tabulated  in  Table  I,  and  are  in  good  agreement  with 
theoretical  values.  The  y(0,0)  band  was  affected  by  self 
absorption  and  was  not  included  in  the  comparison.  The  y(0,l) 
band  may  be  slightly  affected  by  self  absorption  due  to 
Boltzmann  population  of  vM  =  1  of  the  ground  state  of  NO.  A 
slightly  higher  q0,l  ®ay  result  if  corrections  for  self 
absorption  were  made. 

According  to  the  calculated  Franck-Condon  factors,10  the 

e,  y  ’ ,  F  — *-X,  and  K  * X  systems  should  be  intense  in  the  region 
o 

less  than  2000  A.  The  non  Rydberg  state  B'  should  radiate 

strongly  in  the  region  2000  to  3000  X.  The  emission  observed 

in  the  present  investigation  are  probably  due  to  0'  bands  with 

small  overlapping  contributions  from  e,  y'  and  F— *■ X  bands. 

o 

Although  the  emissions  less  than  1900  A  were  not  monitored,  we 
infer  that  the  B* ,  e,  y*  and  F— *-X  emissions  v"  <  6  are  also 
quenched  by  N^  and  argon. 


ff  (2,8) 


PRESSURE  OF  N2  IN  TORR 

Fig.  1  (Sec.  4.3).  Stern-Volmer  plot  for  quenching  by  Ng. 


(Sec.  U.3).  Stern-Volmer  plot  for  quenching  by  argon. 


Fig.  U  (Sec.  U.3).  Spectrum  of  NO  gamma  bands  induced  by  N„  collisions. 
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Table  I.  NO  gamma  band  emission  in  presence  of  Ng. 


v'  v" 

x(X) 

Vv"  eXp> 

Gy* 

v„  theory1 

0,  1 

2362 

0.29  *  0.03 

0.32 

0,  2 

2U70 

0.27  ±  0.03 

0.29 

0,  3 

2586 

0.22  *  0.02 

0.19 

0,  b 

2712 

0.12  ±  0.02 

0.11 

0,  5 

28U8 

0.07  ±  0.01 

0.06 

0,  6 

2998 

0.03  *  0.01 

0.03 

a.  R.  W. 

Nicholls ,  J. 

Res.  N.B.S.  68A, 

535  (1985) 

|  D.  C.  Jain  and  R.  C.  Sahni,  Trans.  Fara,  Soc.  61j_,  3169  (1968 ) 

[ 

I  R.  J.  Spindler,  L.  Isaacson,  and  T.  Wentink,  J.Q.S.R.T.  10, 


The  quenching  of  the  B' ,  D,  E,  and  F  states  with  the 

enhancement  of  y  band  emission  can  be  explained  by  the  collision 

mechanism  proposed  by  Callear  and  Smith‘d  for  6  (v  =  o)  and 

Callear,  Pilling  and  Smith1'1'  for  e(v  =  o)  quenching  by  Ng. 

2  11 

They  *  established  that  the  C — >-A,  and  D  — >A  transitions 

■5  a. 

occur  via  the  intermediacy  of  Ng  AJ£  as  energy  carrier.  The 
collisional  quenching  mechanism  can  be  described  by 

NO(C2n  or  D 2l)  +  N^X1!:)-*  NO(x2n)  +  n2(a3i). 

The  enhancement  of  the  Y  band,  is  attributed  to  the  collision 
mechanism 

N2(A3Z)  +  N0(X2n) — ►  NO{A3E)  +  N^X1!). 

Since  N2(a3e)  has  a  relatively  long  radiative  lifetime 
12  13 

(0.9  sec  and  12  sec  ),  we  may  expect  an  efficient  conversion 
of  Ng(A3E)  to  N0(A2E).  Dugan1*1  has  shown  -chat  the  metastable 
nitrogen  N2*  excited  by  low  energy  electron  impact  can  produce 
the  Y  emission  by  collision  with  NO.  The  energy  transfer 
mechanism  is  believed  to  be 

n2*  +  no-*n2  +  N0(A2F.). 

The  excited  states  of  the  NO  molecule  may  have  enough  energy 

to  collisionally  excite  the  N2  ground  state  not  only  to  the 

3  3  15 

A  E  but  the  Estate  (see  Fig,  5)*  Okabe  has  suggested  the 
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reaction 

N2(B3n)  +  NO— ►  n2  +  N0(A2e) 

in  his  investigation  of  y  and  6  fluorescence  in  the  photo¬ 
dissociation  of  N20.  The  lifetime  of  Ng(B^n  — ►  A^E)  is  about 
10"5  sec,^  so  this  state  should  provide  efficient  collisional 
conversion  for  pressures  >0.1  Torr  of  Ng.  Energy  transfer  from 

3 

highly  excited  NO  to  N2  should  populate  the  B  n  state  as  well 

3 

as  the  A  £  state  of  Ng. 

In  order  to  investigate  the  extent  of  the  y  band 
enhancement  in  the  presence  of  Ng,  the  Bausch  and  Lomb 
monochromator  (20  8  bandwidth)  was  set  at  the  y(0,l)  wavelength. 
The  excitation  radiation  was  varied  with  the  McPherson 
monochromator  (10  8  bandwidth)  in  the  region  1350  to  2300  8. 

Pure  NO  (0.20  Torr)  and  NO  +  Ng  excitat 'on  spectra  were  obtained. 
The  NO  traces  showed  weak  y(0,l)  emission  at  16^0,  l6l0,  1580, 
and  1550  8,  which  is  consistent  with  our  results  in  section  3*7. 
When  Ng  was  added  (30  to  77  Torr),  the  excitation  spectra  showed 
C(v  =  0  to  3),  D(v  =  0  to  3),  B1 ,  E,  F  and  other  Rydberg  states 
to  1370  8  emitting  y(0,l)  radiation.  The  vibrational  levels  of 
B’ ,  D,  E,  F,  and  other  Rydberg  states  overlapped  but  definite 
peaks  in  the  region  less  than  1670  8  could  be  related  to 
B'(v  =  0  to  10).  The  non-Rydberg  B  state  also  showed  weak 
y(0,l)  emission  with  77  Torr  of  Ng  for  v  =  9,  12.  The 


v  =  7,  8,  10  and  11  vibrational  l*“rels  of  the  B  state  overlapped 
with  C  and  D  levels.  This  is  in  agreement  with  the  pressure 
broadened  curve  of  Bethke.  1  The  NO  C  II (v  >  0)  and  B  n(v  >  7) 
states  have  not  been  observed  in  emission  due  to  predissociation. 
Our  observation  implies  that  predissociation  is  inhibited  for 
these  levels  by  collisions ,  thereby  allowing  C  — vA  and 

O 

B  —♦•A  transitions  to  occur  via  the  intermediacy  of  NgA  E. 
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5.  CONCLUDING  REMARKS 

In  our  absorption  and  photoionization  studies,  we  were  able 
to  identify  several  new  Rydberg  series  and  to  determine  the  onset 
of  dissociation  continua.  Most  of  our  recent  measurements  were 
made  with  0.3  8  resolution  .ind  it  would  be  worthwhile  to  continue 
the  cross  section  measurements  with  higher  resolution  in  the 
spectral  region  where  the  measured  cross  sections  showed  an  apparent 
pressure  effect. 

The  results  of  our  fluorescence  measurements  indicate  that 
seme  of  the  e„  .:ited  states  cascaded  to  lower  electronic  states 
with  emission  of  radiation.  We  were  able  to  measure  the  emission 
of  several  gases  over  a  limited  spectral  region  (2000  to  6000  ft). 

For  CO,  N2,  and  NO,  the  measured  Franck-Condon  factors  were  found 
to  be  in  good  agreement  with  the  calculated  values.  This  suggests 
that  the  approximations  made  in  the  theoretical  consideration  of 
the  radiative  transitions  are  useful.  Since  the  emissions  appear 
also  in  the  vacuum  ultraviolet  and  the  infrared  regions, 
fluorescence  measurements  over  a  wider  spectral  region  would  be 
desirable.  Further  work  in  this  area  should  determine  the 
branching  ratios  for  the  radiative  transitions. 

In  the  study  of  the  effect  of  molecular  collisions  on  the 
fluorescence  of  NO,  we  observed  the  quenching  and  enhancement 
effect  on  certain  emission  bands.  If  the  quenching  of  the  B* 


. ,  .  .>  ^  ,KDP«r5»n>4*  ww  $•??*$&? 
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state  of  NO  involves  de-excitation  of  the  NO  molecule  to  its  ground 

3 

state,  the  energy  transfer  should  populate  the  B  II  state  or  the 
3 

A  1  state  of  Ng.  Accordingly,  the  enhancement  of  the  y  band 

g 

emission  could  be  attributed  to  NO  molecules  excited  to  the  A  E 
state  via  collisions  with  the  excited  Ng  molecules. 
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""-Measurements  of  spectral  absorption  and  pi  toionization  cross  sections  of  C0g, 
NhT  0g,  COS,  NO,  NO,  and  vinyl  chloride  in  the  region  580  -  l65u  A  were  made. 

A  number  of  new  Rydberg  series  were  found  and  the  convergence  limits  were  compared 
with  the  photoionization  values. 

In  the  study  of  dispersed  fluorescence  from  molecules,  particular  attention  was 
giventp  the  emissions  from  CO,  NHC,  Ng,  and  NO  in  the  spectral  region  1800  to 
6000  XT  The  experimental  Franck-Condon  factors  for  CO  and  Ng  were  found  to  be^in 
good  agreement  with  the  theoretical  values. '-.The  threshold  for  the  NH  c^n  — *•  aJ‘A 
transition  was  observed  at  (1245  *  10)  X.  On  the  basis  of^the  observed  threshold  of 
the  NH  emission,  the  calculated  energy__separation  of  the  a1 A  state  from  the  ground 
state  of  ~eV  which'  is  somewhat  higher  than  the  value  previously 

report ed.  >The  excitation  spectra  of  NO  show  many  overlapping  states.  However,  the 
B'  — ►  X  transitions  of  NO  were  identified,  and  the  experimental  Franck-Condon 
factors  are  in  agreement  with  the  calculated  values.  The  results  suggest  that  the 
y'  band  contribution  in  NO  emission  is  negligible,  "^e  excitation  spectra  of  other 
molecules  such  as  rfZ,  0_,  and  SO'  were  studied,  and  certain  features  of  the  emission 
spectra  can  be  related  to  the  spectral  absorption. 

The  effect  of  molecular  collisions  on  the  fluorescence  of  NO  was  investigated.!  , 
Quenching  of  the  B' ,  D,  E,  and  F  states  with  the  enhancement  of  the  y  band  emission 
was  observed. 
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